p204 is a member of the interferon-inducible p200 family proteins in mice. The p200 family has been reported to be multifunctional regulators of cell proliferation, differentiation, apoptosis and senescence. Interferon-inducible protein 16 (IFI16) is regarded as the human ortholog of p204 in several studies. This is possibly due to the similarity of their structures. However the consistency of their functions is still elusive. Currently, an emerging focus has been placed upon the role of the p200 proteins as sensors for microbial DNA in innate immune responses and provides new insights into infections as well as autoimmune diseases. This review specially focuses on IFI16 and p204, the member of p200 family in human and murine respectively, and their pathophysiological roles in innate immune responses, cell differentiation and proliferation.
Introduction
p204 is a multifunctional interferon-inducible murine protein in the p200 family (also known as PYHIN or HIN-200 proteins). The first member of p200 family, p202, was identified in 1982, on the basis of the inducibility of its mRNA by interferon. p200 proteins have been linked to the cell cycle, proliferation, and differentiation and are all characterized by at least one carboxy-terminal HIN domain and an amino-terminal pyrin (PYD) domain.
(ssDNA) than double-stranded DNA (dsDNA), and could wrap, stretch and form oligomers with ssDNA. 34 And the IFI16 HIN-B domain alone was able to bind to dsDNA, which was enhanced when both HIN-200 domains were present. 21 
IFI16 acts as DNA sensor in innate immune response
IFI16 is identified as a sensor to exogenous DNA from pathogenic microbes in innate immune responses. Unterholzner et al 21 reported that small interfering RNA (siRNA) targeting IFI16 or p204 inhibited the activation of IRF3 and NF-κB, and IFN-β induction, induced by DNA and herpes simplex virus type 1 (HSV-1). In THP-1 cells, cytosolic IFI16 was detected by immunoblot analysis in a complex with immobilized transferred ssDNA or dsDNA, which could be bound to the HIN domain of IFI16. IFI16 has been mainly localized to the nucleus when overexpressed in HEK293 cells. 25 The co-localization of endogenous cytoplasmic IFI16 with IFN-β inducing viral DNA and its direct and cooperative binding to this DNA in vitro suggested that IFI16 might be a DNA sensor that mediates IFN-β induction. Within the human body IFI16 is the most similar protein to p204 and some researchers view it as a p204 homolog. They suggest that both IFI16 and p204 may function similarly due to the similarity of their domain structures, 25, 35 however, more evidence is required.
A recent study suggests that IFI16 is a DNA sensor to HIV virus infection and required for CD4 T cell death due to AIDS. 22 Monroe et al assessed the expression of various known innate immune sensors candidate by immune-blotting cytosolic lysates from tonsillar CD4 T cells, including the presence of IFI16 36, 37 ; AIM2 [23] [24] [25] [26] ; DAI 38 ; STING [39] [40] [41] ; DNPK-1 42 ; NLRP3 [43] [44] [45] ; and IFIX. Meanwhile, cyclic guanosine monophosphate adenosine monophosphate synthase (cGAS) [46] [47] [48] [49] was detected neither at the protein level in tonsillar CD4 T cells nor in the affinity chromatography-mass spectrometry experiments, which may suggest that cGAS was not involved in the immune responses of human CD4 T cells during the abortive HIV infection. Originally they discovered that IFI16 was effectively bound to dsDNA in the tonsillar CD4 T cells, which was consistent with published data. 21, 50 Then they used three independent shRNAs targeting IFI16 to knockdown IFI16 protein expression in mCherry-positive CD4 T cells and the results showed that all three IFI16 shRNAs rescued the depletion of mCherry-positive CD4 T cells infected by HIV-1 (Biotinylated HIV Nef DNA). These findings suggest that IFI16 is required to sense the infected HIV DNAs that accumulate in the cytoplasm of abortively infected T cells. Their accumulation leads to caspase-1 activation, which activates cellular signaling downstream causing pyroptosis, producing subsequent cell death. 22 DNA has been proposed to be a potent inducer of immune responses and involved in the pathogenesis of psoriasis, a common immune-mediated inflammatory disease affecting the skin and joints. In psoriasis there is extensive DNA replication in keratinocytes, which is associated with the accumulation of dsDNA and the activation of the inflammasome. Chiliveru et al described the up-regulation of IFI16 in human psoriasis lesions and why IFI16 was essential for the DNA-driven innate immune responses in primary human epidermal keratinocytes in an inflammatory environment. 51 They demonstrated the manner in which inflammatory cytokines enable keratinocytes to respond to cytoplasmic DNA with a potent innate immune response. The transfection of synthetic dsDNA into keratinocytes did not evoke significant expression of CCL20 nor CXCL10. Notably, a very potent induction of CCL20, CXCL10, IFN-β and IFIT1 was induced when keratinocytes were transfected by a synthetic dsDNA or human genomic DNA, together with TNF-α or IL-1β. 51 It is important to note that the DNA-mediated induction of CCL20 and CXCL10 in TNF-α treated cells was significantly reduced in the IFI16 knockdown cells. The treatment of keratinocytes with inflammatory cytokines induces translocation of a small pool of IFI16 into the cytoplasm, which enables the cells to assemble several signaling complexes: IFI16, STING and TBK1. They then isolated skin biopsies from non-lesional and lesional psoriasis skin. The found that IFI16 upregulates both mRNA and protein levels in the lesional psoriasis samples when compared to the non-lesional samples. 51 
Roles of IFI16 in viral infection
During coevolution with their hosts, viruses have acquired effective mechanisms for blocking host immune signaling that involves IFI16. The human cytomegalovirus (HCMV) major tegument protein pUL83 is thought to play critical roles in immune evasion. It was shown to block antigen presentation and activation of natural killer cells and to suppress the induction of antiviral cytokines. Using a mass spectrometry-based approach during HCMV infection in fibroblast, Cristea et al reported that the nuclear pUL83 interacts with two interferon-inducible proteins from the p200 family, IFI16 and IFIX. 52 They confirmed these interactions in all three IFI16 isoforms and pUL83 from the cell extracts that were infected with virus by co-immunoprecipitation and the co-localization within the nucleus and nucleolus by immunofluorescent analysis. They also found that the knockdown of IFI16 by shRNA in primary human fibroblasts resulted in decreased levels of immediate-early transcripts in the infection of wild type HCMV. 52 However, the mechanisms involved in HCMV immune evasion remain to be further elucidated. A recent publication from the same group 53 defined mechanisms underlying HCMV immune evasion, identifying a critical molecular hub that determines the outcome of host defense and viral pathogenesis. Similar to herpes viruses, DNA is protected by viral capsids in the cytoplasm prior to nuclear exposure, nuclear sensing is a critical aspect of defense against these nuclear replicating viruses. In endothelial cells, nuclear IFI16 can assemble inflammasomes during infection with Kaposi sarcoma-associated herpesvirus (KSHV), leading to secretion of pro-inflammatory interleukins. 54 In U2OS cells and fibroblasts, nuclear IFI16 senses herpes simplex virus-1 (HSV-1) DNA, triggering type I interferon (IFN) response 55, 56 and inflammasome formation. 57 In macrophages, where capsids may be vulnerable to degradation, leaked HSV-1 DNA can be detected by cytosolic IFI16. 58 Cytosolic IFI16 also detects transfected DNA, inducing type I IFN in an STINGdependent manner. 21 
The signaling pathways involving IFI16 and p204
It is well-known that exogenous DNA derived from pathogens can provoke expression of a large number of antiviral and inflammatory genes, including IFNs. Medzhitov et al 59 demonstrated the existence of a TLR-independent DNA response, which they called the ISD (immune stimulatory DNA) pathway, in mice lacking myeloid differentiation factor 88 (MyD88) or TRIF. However, this novel pathway converges on the inhibitor of nuclear factor κB (NF-κB) kinase (IKK)-related kinases TBK1 and IKKε, which phosphorylate and activate IRF3. IRF3 collaborates with NF-κB and ATF-2-c-Jun to then drive transcription of type I IFN genes. TBK1 also interacts with the endoplasmic reticulum (ER) adapter stimulator of interferon genes (STING), which plays a central role driving IFN not only in response to synthetic dsDNAs but also following HSV infection. 40, 41 STING (TMEM173) is a signaling protein known to be required for TBK1-dependent IFN-β responses to viruses and DNA. 40, 60 Infection of dsDNA caused a DNA-dependent association between endogenous STING and IFI16 in THP-1 cells. IFI16 from the DNA-stimulated THP-1 cells associated with immobilized Myc-tagged human and mouse STING. It was proven that STING was recruited to IFI16 after viral DNA stimulation and mediated the downstream IFN-β induction in cells infected by dsDNA or HSV, as in BMDMs lacking STING, IFN-β secretion from cells transfected with the viral DNAs was completely inhibited. Besides, other cytokines related to NF-κB, such as CCL5 and tumor necrosis factor α (TNFα), were also decreased due to impaired translocation of the p65 NF-κB subunit to the nucleus in p204 and IFI16 knockdown cells. 21 These above results indicate a role for IFI16 and p204 as upstream cytosolic dsDNA receptors, which through their interaction with STING in response to dsDNA, activate TBK1-IRF3/NF-κB axis, drive induction of type I IFN and pro-inflammatory cytokines (Fig. 3) .
Notably, a negative feedback loop has been identified between the levels of IFI16 and STING during the cytosolic sensing of bacterial second messenger cyclic-di-GMP (c-di-GMP). 61 The activation of c-di-GMP-induced signaling in human and murine cells increase the steady-state levels of IFI16 and p202 proteins, which is c-di-GMP concentration-and time-dependent. Whereas the constitutive knockdown of IFI16 or p202 expression in cells increases steady-state levels of STING and results in activation of the TBK1/IRF3 axis. Accordingly, increased levels of the IFI16 or p202 protein in cells decrease STING levels. Together, these observations identify a novel negative feedback loop between c-di-GMPinduced levels of IFI16 and p202 cytosolic DNA sensors and the adaptor protein STING.
Additionally, knockdown of IFI16 decreased caspase-1 activation in the mCherry-positive CD4 T cells infected by HIV-1, 22 indicating that IFI16 is required to sense incomplete DNA reverse transcripts that accumulate in abortively infected cells, which leads to caspase-1 activation and the subsequent death of these cells via pyroptosis. 62 In another study, 54 IFI16 was showed to interact with the adaptor molecule ASC and procaspase-1 to form a functional inflammasome in endothelial cells during Kaposi Sarcoma-Associated Herpesvirus (KSHV) infection. This complex was initially detected in the nucleus and subsequently in the perinuclear area. Caspase-1 activation by KSHV was reduced by IFI16 and ASC silencing. These findings demonstrate that IFI16 as a nuclear pathogen sensor to form the inflammasome by recruiting ASC, resulting in the activation of caspase-1 and induction of proinflammatory cytokines.
IFI16 distinguishes foreign and host DNA
The molecular mechanism of IFI16 distinguishing self from non-self DNA in the innate immunity is an outstanding question, which attracts much attention from the researcher community. A recent study 63 showed that cooperatively assembling into filaments on dsDNA may serve as an integral mechanism by which IFI16 engages foreign DNA. IFI16 cooperatively binds dsDNA in a length-dependent manner and clusters into distinct protein filaments even in the presence of excess dsDNA. Consequently, the assembled IFI16-dsDNA oligomers are clearly different from the conventional non-interacting entities resembling beads on a string. The isolated DNA-binding domains of IFI16 engage dsDNA without forming filaments and with weak affinity, and it is the non-DNA-binding pyrin domain of IFI16 that drives the cooperative filament assembly. The surface residues on the pyrin domain that mediate the cooperative DNA binding are conserved, suggesting that related receptors use a common mechanism. These results suggest that IFI16 clusters into signaling foci (e.g., inflammasome) in a switch-like manner and that it is capable of using the size of naked dsDNA as a molecular ruler to recognize self DNA from non-self. 63 They also proposed two features of foreign DNA that are much more conducive to filament formation by IFI16. First, the DNA genome from infective pathogens is exposed naked immediately after the invasion. Second, although the viral genome packages into chromatin with the host histones, it is less dense and much more loosely packed than the nuclear self-DNA. 63 The electron micrographs demonstrate the filaments formation by IFI16 corresponding to the length of dsDNA. IFI16 prefers to bind to a longer-bp non-self dsDNA rather than a short dsDNA from the host. What is important to note is the relative binding affinity of IFI16 to various dsDNA fragments changes cooperatively not only with increasing IFI16 concentrations but also with increasing number of binding sites, suggesting that IFI16 is capable of amplifying its clustering behavior in a switch-like manner. 63 Thus, these results suggest that IFI16 can clearly define an "on" or "off" state with respect to its concentration and the length of dsDNA. 63 Additionally, we also suppose that the host nuclear DNA may avoid the p204-mediated recognition in mice because of the protection by histones or other protective host proteins, or the tight fold of the genome, according to the unpublished findings about the binding of p204 to Sin3a (a multifunctional agent promoting histone deacetylation by HDAC), which remains to be explored.
Acetylation regulates IFI16 subcellular localization
Cellular localizations, targets specificities, and downstream signaling pathways define pathogen-associated molecular patterns functions. In the case of IFI16, its targets and downstream pathways are starting to be defined, but there are important unanswered questions regarding its cell type-dependent and dual subcellular localization. IFI16 is a predominantly nuclear protein in lymphoid, epithelial, endothelial, and fibroblast tissues and also has been reported a cytoplasmic localization in macrophages. Its dual localization confers IFI16 the ability of colocalize with transfected vaccinia virus (VACV) dsDNA in the cytoplasm of differentiated THP-1 monocytes 11 and colocalize with KSHV DNA during early infection in the nucleus, consequently activating inflammasome formation. 41 Cristea et al 55 has provided evidence for a two-signal model for the function of IFI16 as a pathogenic DNA sensor. Firstly, they defined an evolutionary conserved multipartite nuclear localization signal (NLS), consisting of two essential motifs and two accessory motifs, required for IFI16 sensing of HSV-1 viral DNA in the nucleus. Herpesviridae are characterized for replicating their dsDNA genomes in host nuclei as well as their ability to evade host immunity. These new findings 55 demonstrated that upon HSV-1 infection, the diffused nuclear localization of IFI16 was drastically altered, becoming more concentrated within viral DNA-containing nuclear bodies. They confirmed that IFI16 recognized HSV-1 DNA primarily in the nucleus and the detection of nuclear viral DNA required a functional NLS. Their findings also explained that a cytoplasmic localization of a DNA sensor, such as IFI16, as described in macrophages and lymphocytes, might maximize immune system sensitivity to DNA viruses. Secondly, they identified NSL acetylation as a mechanism underlying the dynamic localization of IFI16 that extended its range of DNA surveillance. They identified phosphorylation clusters within two regions of IFI16: the linker region (S95, S106, S153, S168 and S174) and C-terminus (S724) and lysine acetylation sites within Pyrin (K45) or HIN (K214, K542 and K558) domains or between HIN domains (K444, K451, and K505). They also found that the two major NLS motifs, Δmotif-1 and Δmotif-2, contained acetylations at K99 and K128. They found the phosphorylations within the linker region (S95, S106 and S153) had only minor roles in IFI16 localization, as shown by transient transfections of IFI16-EGFP mutants in U2Os cells. Since both lysine sites are highly conserved among IFI16 homologs and HIN-200 family members, they suggest that acetylation as a common regulator of subcellular localization. 55 IFI16 cellular distribution and sensing functions are modulated by a combination of genetically encoded NLS and post-transcriptional acetylation mechanisms. In addition, p204 was found to interact with Sin3A, a multifunctional agent promoting histone deacetylation by HDAC. Thus, it would be interesting to analyze whether acetylation/deacetylation modification also play an important role in regulating the subcellular localization of p204, and whether this modification is also critical for its functions in pathogenic immune responses.
IFI16 is an antiviral restriction factor in host defense against HCMV
IFI16 has been shown to bind to and function as a pattern recognition receptor (PRR) of virus-derived intra-cellular DNA, and trigger the expression of antiviral cytokines via the STING-TBK1-IRF3 signaling pathway. 21, 22, 37, [52] [53] [54] [56] [57] [58] 64, 65 Besides, its role as an antiviral restriction factor (RF) in host defense against HCMV was recently reported by Dell'oste V et al 66 Restriction factors are some constitutively expressed proteins mediating a frontline antiviral defense response in the intrinsic immune system. 67, 68 One evasion strategy that viruses may use is to exploit the effects of an RF for its own purposes, or to generate an interfering protein that neutralizes the effect of an RF. Another strategy involves the virus hijacking an RF during its phase of maturation to guarantee protection. 69, 70 They proposed the evidence supporting such a role of IFI16 as follows: (a) small interfering RNA (siRNA)-mediated depletion of IFI16 in primary human embryonic lung fibroblasts (HELF) significantly increases HCMV replication efficiency as a result of augmented viral DNA synthesis; (b) similarly, viral plaque formation is enhanced in the presence of an exogenous dominant-negative IFI16 mutant that competes with the endogenous IFI16; (c) overexpression of functional IFI16 in HCMV-infected HELFs decreases both virus yield and viral DNA copy number; and (d) early and late, but not immediate-early viral mRNAs and proteins are strongly down-regulated under these same conditions, suggesting that IFI16 exerts its main antiviral effect at the level of viral genome synthesis. 66 In this study, Dell'oste V et al examined the mechanisms of HCMV overcoming the antiviral activity of the nuclear restriction factor IFI16. 66 Consistent with its property as a pathogenic DNA sensor, detailed kinetics studies exploiting immunofluorescence show that in the early phases of infection, IFI16 binds to viral DNA, also confirmed by FISH combined with Western blot analysis. These results are in line with previous studies showing that following HCMV infection IFI16 binds viral DNA and triggers the expression of antiviral cytokines via the STING-TBK1-IRF3 signaling pathway. 53 During a late phase post infection, however, IFI16 levels decreases inside the nucleus and this is accompanied by a parallel increase in its presence in the cytoplasmic virus assembly complex (AC). This nucleocytoplasmic egress of IFI16 in HCMV-infected cells is driven, at least in part, by the viral protein kinase pUL97, which binds and phosphorylates nuclear IFI16. This can be seen in the acetylation of the nuclear localization sequence promotes the cytoplasmic accumulation of IFII6 by inhibiting its nuclear import. 55 In HCMV-infected cells, IFI16 interacts with viral pUL97 and undergoes in vitro phosphorylation. Moreover, the nuclear accumulation of IFI16 can be observed upon treatment with Gö6976, an inhibitor of pUL97 phosphorylation. 71, 72 Subsequently, the IFI16-AC complex mediates its incorporation into newly assembled virions. IFI16 mislocalization and assembly into mature virions appears to be regulated by the ESCRT machinery through its sorting and trafficking into multivesicular bodies. Together, these results suggest that HCMV has evolved mechanisms to mislocalize and hijack IFI16, trapping it within mature virions. 66
AIM2 acts as DNA sensor and interacts with IFI16
Both AIM2 and IFI16 contain C-terminal DNA-binding HIN domain(s) and an N-terminal Pyrin (PYD) domain that belongs to the death domain superfamily of signaling modules, and thus were also named as the PYHIN family of receptors or the AIM2-like receptors. 21, 25, 73 AIM2 is predominantly a cytosolic protein that responds to dsDNA from both host and pathogens to interact with ASC and activate caspase-1 via CARD-CARD (caspase recruitment and activation domain) interaction and form inflammasomes. [74] [75] [76] The activated caspase-1 cleaves pro-IL-1β and pro-IL-18 into the mature proinflammatory cytokines. 50 IL-1β and IL-18 are very essential in antiviral defense both in innate and adaptive responses. AIM2 drives the maturation of IL-18, which is particularly important in early antiviral defenses in murine cytomegalovirus. The production of IL-18 and natural killer cell-dependent production of interferon-γ, events critical in the early control of virus replication, were dependent on AIM2 during mouse cytomegalovirus infection in vivo 76 ( Fig. 4) .
Besides sensing virus DNA, AIM2 is essential for inflammasome activation in response to bacterial infection in the immune system. Previous studies have reported that AIM2 is a critical inflammasome sensor during the infection of Francisella tularensis and Listeria monocytogenes. [77] [78] [79] [80] Also AIM2 showed the role as a sensor to mediate imflammasomes and regulate IL-1β release and survival during acute CNS Staphylococcus aureus infection. ASC and caspase-1/11 KO animals were exquisitely sensitive, with approximately 50% of mice succumbing to infection within 24 h. Unexpectedly, the survival of NLRP3 KO mice was similar to WT animals, suggesting the involvement of an alternative upstream sensor, which was later identified as AIM2 based on the similar disease patterns between AIM2 and ASC KO mice. These studies demonstrate the role of AIM2 as an inflammasome sensor during acute CNS S. aureus infection. 81 In addition, AIM2 physically interacts with IFI16. It was observed that IFI16 protein was bound to FLAG-tagged AIM2 protein in both cytoplasmic and nuclear fractions in HEK-293T cells (Fig. 4) . More AIM2 protein bound to the IFI16 protein in the cytoplasmic fraction than the nuclear fraction. Importantly, increased expression of the IFI16 protein in HEK-293T cells reduced the activation of caspase-1 as determined by a reduction in the levels of the activated caspase-1. These observations indicated that the IFI16 protein binds to AIM2 protein in the cytoplasmic fraction and increased expression of IFI16 protein in transfected cells can inhibit the AIM2-ASC-mediated activation of caspase-1. 82 Moreover, the knockdown of the IFI16 expression moderately increased the basal levels of AIM2 and P-CASP1 proteins in THP-1 cells. 82 Importantly, the knockdown increased the basal levels of the activated caspase-1 as determined by increases in the p20 protein band. 83 These findings suggest that the expression of IFI16 protein in THP-1 cells decreases the basal levels of the AIM2 and PCASP-1, and the activation of CASP-1.
IFI16 as a possible target in autoimmune diseases
Systemic autoimmune diseases, including Sjogren's Syndrome (SjS), Systemic Lupus Erythematosus (SLE), Systemic Sclerosis (SSc) and Rheumatoid arthritis (RA), are characterized by self antigen-driven immune responses that target host tissues and organs for damage. 84 Although these autoimmune diseases differ from primary tissues that are targeted by autoantibodies, these diseases share certain common features and mechanisms. For example, exhibiting increased serum levels of proinflammatory cytokines such as: tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), and interferons (IFNs). It was suggested that increased levels of proinflammatory cytokines are the result of an abnormal activation of the innate immune response that is initiated by innate immune sensors. 84 These sensors include DNA-dependent activator of I FN-regulatory factors (DAI; also referred to as ZBP1), DExD/H box helicases (DHX9 and DHX36), murine absent in melanoma 2 (Aim2), human AIM2, RNA polymerase III (Pol III), leucine-rich repeat (in Flightless I) interacting protein-1 (Lrrfip1), murine p204, and human IFI16.
Genomics studies also have revealed that type I IFN inducible genes are markedly overexpressed in the peripheral blood of patients with systemic autoimmune diseases, including SLE, SSc, and SjS. According to this, anti-IFI16 autoantibodies have been present in the serum of patients affected by SLE, SSc and SjS. Interestingly, Caneparo et al 85 suggest that the development of anti-IFI16 antibodies may result in beneficial functional properties rather than being pathogenic, as IFI16-positive patients tend to exhibit a reduced risk of: (a) C3 hypocomplemetemia, and (b) proteinuria, indicating a decreased renal involvement that actually is one of the most frequent and serious complications in SLE. Although more studies are warranted to understand the mechanisms of a possible beneficial function of anti-IFI16 antibodies and validate its clinical significance, these antibodies hold the potential to serve as a new biomarker in the diagnosis and assessment of disease activity in systemic autoimmune diseases.
Regulation of cell differentiation by p204
Besides the roles of p204 and IFI16 in immune responses, the differentiation and proliferation of cells in various systems are also regulated by p204. The differentiation of skeletal muscle myoblast was regulated by p204. The p204 level was strongly increased during the differentiation of cultured C2C12 myoblasts to skeletal muscle-type myotubes. 10 In addition, p204 was required for the differentiation of the myoblasts: its overexpression accelerated the process, whereas decreasing its level inhibited it. The increase of p204 levels during myoblast differentiation was due to transcription by the muscle-specific transcription factors MyoD and myogenin. 10 p204 enabled the differentiation, partly by overcoming the known inhibition of MyoD and myogenin activity by the Id (inhibitor of differentiation as well as of DNA-binding) proteins. 86 This inhibition is known to block the binding of MyoD and myogenin to DNA and thus interferes with the synthesis of numerous muscle proteins, thereby blocking the differentiation. [87] [88] [89] p204 was found to overcome this inhibition by (1) binding to the Id proteins, (2) thereby promoting their nuclear export signal-dependent translocation from the nucleus to the cytoplasm, consequently separating the Id proteins from the transcription factors which, in the nucleus, they inhibited, and (3) accelerating their ubiquitination, and thereby their degradation in the cytoplasm by proteasomes. 9, 86 p204 was involved in the differentiation of beating cardiac myocyte. The expression p204 increased strongly in the course of the differentiation of cultured P19 embryonal carcinoma stem cells to beating cardiac myocytes in response to dimethyl sulfoxide (DMSO) treatment. 8 Furthermore, ectopic p204 could substitute for DMSO in inducing the differentiation, whereas p204 antisense RNA blocked the process. In this study, p204 expression was synergistically transactivated by the cardiac Gata4, Nkx2.5, and Tbx5 transcription factors. 8 The Id proteins (Id1, Id2, or Id3) inhibited the differentiation of P19 cells as a result of their binding to Gata4 and Nkx2.5 and by inhibiting the binding of these transcription factors to each other and to DNA. This, in turn, blocked the activation of expression of numerous cardiac proteins. 9 Similarly to its action in skeletal muscle differentiation, in heart differentiation, p204 overcomes the inhibition by Id proteins by binding to them, promoting their translocation from the nucleus to the cytoplasm, and enhancing their degradation by ubiquitination followed by proteasomal digestion. 9, 86 During the differentiation of osteoblasts from mesenchymal C2C12 cells, the level of p204 was differentially induced, and this induction is mediated by the Smad transcription factor complex. p204, similar to pRb, acts as a co-factor of Cbfa1 transcription factor and enhances Cbfa1 activated osteogenesis. 11, 12 Id proteins are involved in osteogenesis, and are upregulated by BMP2. [90] [91] [92] However, Wnt, which triggers osteoblast differentiation, also promotes a rapid decrease in Id level. 93 This rapid decrease is required because Id proteins bind to Cbfa1, thereby inhibiting its DNA binding and transcription of the alkaline phosphatase and osteocalcin genes that are involved in the differentiation. 91 p204 overcomes the inhibition of Id proteins in osteogenesis in the same manner as it does in skeletal muscle myoblast and cardiac myocyte differentiation. 13 Thus, in osteogenesis, p204 boosts the Cbfa1-dependent transcription pathway in two ways: (a) by boosting the transcription, forming a ternary complex p204-pRb-Cbfa1; (b) by overcoming the inhibition of Cbfa1 by Id proteins. 11, 13 Chondrocyte differentiation is crucial for the development of long bones. It involves the cessation of the proliferation of chondrocytes and their conversion into hypertrophic chondrocytes. 94 The overexpression of p204 accelerates the hypertrophy of chondrocyte, whereas the knockdown of p204 abolishes this process. In the process, p204 associates with Cbfa1. 15 The resulting p204-Cbfa1 complex promotes the differentiation of chondrocytes by (a) decreasing the expression of parathyroid hormone/parathyroid hormone-related peptide receptor (PTHrP), an agent promoting the proliferation and delaying the differentiation of chondrocytes, and (b) stimulating the expression of Indian hedgehog protein (Ihh), an agent promoting the differentiation. 15 Mature monocyte and macrophage cells express p204. Moreover, macrophage colony stimulating factor (M-CSF) or leukemia inhibitory factor (LIF) has been found to induce p204 expression as well as the differentiation to macrophages of the myeloid progenitor line FD-Fms. The constitutive expression of p204 strongly decreases the M-CSF (and interleukin 3) dependent proliferation of the FD-Fms cell line, whereas it promoted its M-CSF-induced differentiation to macrophages. 7 The p204 mRNA level is lower in less mature (CD4+ CD8+ double positive) thymocytes than in more mature (CD4+ or CD8+ single positive) thymocytes, which may indicate a role for p204 in lymphocytic differentiation. 95 
Regulation of cell proliferation by p204
p204 can play an antiproliferative role in cell cycle via its HIN-200b domain. 96 The inhibition of cell proliferation by p204 may occur through multiple mechanisms. p204 can inhibit the proliferation of a human osteosarcoma cell line (U2OS) with active p53 and pRb, and also of a second osteosarcoma line (Saos2), which is lacking active p53 and pRb. 97 This indicates that the antiproliferative activity of p204 does not have to depend on active p53 or pRb. A difference between the modes of inhibition by p204 of the proliferation of the above two osteosarcoma cell lines was also revealed by the finding that p204 induction resulted in a partial G2/M arrest in Saos2 cultures, but had little effect on cell cycle distribution in U2OS cultures. Furthermore in U2OS cultures, but not in Saos2 cultures, the expression of p204 significantly increased the levels of pRb and its active hypo-phosphorylated form. The same report which found that Saos2 proliferation is not inhibited by p204, also states that p204 inhibits the proliferation of wild-type MEF cells, but not of MEF cells in which the pRb gene was inactivated. 98 However, p204 from which the C-terminal 72 amino acid segment was deleted in order to remove the pRb-binding sequence (LXCXE) from the b segment, without or together with the mutation of the LXCXE sequence in the a segment was shown not to decrease, but actually to increase cell proliferation as detected by focus forming assays. 98 It remains to be established whether this increase in the rate of cell proliferation is a consequence of the loss of pRb-binding activity, or of other, as yet uncharacterized consequences of the deletion of the C-terminal segment. p204 directly associates with the ribosomal RNA-specific UBF-1 transcription factor in vivo and in vitro. 4, 99 The inhibition of ribosomal RNA synthesis by p204 may be due to the inhibition by p204 of the specific DNA binding of UBF-1. A direct interaction between p204 and UBF1 was revealed in vitro in pull-down assays, and in vivo by coimmunoprecipitation from cell extracts previously. UBF1 bound strongly to at least two regions of p204: the N-terminal segment linked to the conserved 200 amino acid a segment, and the conserved 200 amino acid b segment. Cleavage of the a or b segments into two segments (encoded by single exons) resulted in a strong decrease or loss of binding. Thus, p204 serves as a mediator of the inhibition of rRNA transcription by interferon (4). This inhibition of ribosomal RNA synthesis is likely to contribute to the antiproliferative and differentiation promoting activities of p204.
Summary and future directions
Growing evidences demonstrate the essential role of the p200 family proteins as sensors of the infection of virus or bacteria. IFI16 or p204 may act as upstream cytosolic dsDNA receptors to interact with STING, then activate TBK1-IRF3/NF-kB axis, drive induction of type I IFN and proinflammatory cytokines. However, there is a negative feedback loop between IFI16 and STING during the cytosolic sensing of bacterial second messenger cyclic-di-GMP (c-di-GMP). IFI16 has also been identified as a nuclear pathogen sensor that interacts with the adaptor molecule ASC and procaspase-1 to form a functional inflammasome in endothelial cells during Kaposi Sarcoma-Associated Herpesvirus (KSHV) infection. This interaction results in the caspase-1 activation and proinflammatory cytokines production. IFI16 protein also interacts with AIM2 in the cytoplasmic fraction and increased expression of IFI16 protein in transfected cells can inhibit the AIM2-ASC-mediated activation of caspase-1. 11 The knockdown of the IFI16 expression moderately increases the basal levels of AIM2 and activated caspase-1. AIM2 is the first member of p200 protein family defined as a sensor of DNA in the innate immune defense. AIM2 binds to DNA and interacts with ASC, which could activate caspase-1. AIM2, ASC and caspase-1 form the inflammasomes which mediate the downstream proinflammatory pathways and cleave both IL-1β and IL-18, which are important in early antiviral defenses. It is important to note that AIM2 is essential for inflammasome activation in response to bacterial infection such as Francisella tularensis and Listeria monocytogenes and S. aureus infection.
The exact mechanisms by which IFI16 regulates the immune defenses during infection of virus or bacteria are not fully understood. It has been established that IFI16 can detect foreign DNA in the nucleus but prevent interacting with the cellular DNA. A recent study 63 shows that cooperative assembly into filaments on the dsDNA may serve as an integral mechanism by which IFI16 engages foreign DNA, and it is capable of using the size of naked dsDNA as a molecular ruler to distinguish host from foreign DNA. More studies are required to determine the interaction between IFI16/p204 and other sensors of DNA as well as the molecular events involved.
The further exploration of the functions of p204 would be greatly facilitated by the generation of mice in which p204 formation could be inhibited by inducible tissue-specific and/or embryo developmental stage-specific knockout. 55 The availability of such mice would open the door to new research possibilities with p204, including the testing of conclusions drawn from experiments with cultured cells. Future research will advance our understanding of the roles of both IFI16 and p204 in the immune system and other pathophysiological processes.
